Fuel pyrolysis can be of benefit for regenerative cooling techniques due to its endothermic effect in ensuring the thermal resistance of hypersonic vehicles and structures. Among pyrolysis species production, there is that of coke formation. A numerical code is used in this paper to investigate the related phenomena, based on two experiments using Titanium (Ti) and Stainless Steel ( 1 Associate Professor, PRISME, nicolas.gascoin@bourges.univ-orleans.fr, AIAA member. 2 Doctor, PRISME. 3 Professor, PRISME. 
I. Introduction
o ensure the thermal resistance of hypersonic structures, active cooling techniques are of interest, notably in case of regenerative methods to be applied on the SCRamjet engine 1 [1],1 [2] . Some similarities can be found to ablation studies 1 [3] , 1 [4] . Using the fuel as a coolant decreases the wall temperature because of counter-flow heat exchanges, of endothermic pyrolysis and of possible internal convection in porous media with related film cooling 1 [5] ,1 [6] ,1 [7] . The permeable structure is generally made of Ceramic Matrix Composites. Some research also focuses on the development of metallic hollow spheres whose porosity is well defined and homogeneous 1 [8] . Kerosene surrogates (such as dodecane) are often T 3 considered experimentally to investigate fuel pyrolysis because of their simple chemical composition 1 [9] .
During the pyrolysis of initial alkane fuel, the production of highly hydrogenated compounds (particularly hydrogen and methane) is accompanied by carbon deposits 1 [10] ,1 [11] . Coke formation has been largely studied in open literature 1 [12] . Several ways exist (oxidation, pyrolysis, catalysis, condensation) and the carbon deposits are found under different forms (filamentous, aggregates) 1 [13] . Some numerical mechanisms take the coke into account and they allow the detailed chemical reactions involved in its formation 1 [14] to be investigated. These kinetic schemes obviously depend on the initial fuel composition (methane, biofuel, petroleum) 1 [15]-1 [18] . Such a chemical approach is not sufficient to take the physical effect of the carbon layer into account. A multiphysics investigation is required to understand the relationship between each phenomenon and particularly its effect on the conversion rate 1 [19] . For example, Albright and Marek 1 [19] showed the major effect of residence time and operating time on coke formation and observed its non uniformity along the process.
In this framework, the COMPARER program (COntrol and Measure of PArameters in a REacting stReam) has been launched by MBDA-France and by the University of Orléans (France) 1 [20] . It consists in improving the knowledge on fuel pyrolysis in tubular reactors before extending the work to other configurations (permeable media). A considerable lack of applicable data and knowledge to enable an understanding and prediction of the coke effect on heat and mass transfer in coupled systems has been identified 1 [20] . [24] . Empirical relationships are used numerically to calculate coke production 1 [9] . Coke formation has been experimentally considered in previous papers because of its non negligible impact (channel clogging, thermal insulation, catalytic effect) 1 [9] . Some empirical laws have been proposed to estimate the carbon quantity on the basis of other acquired signals (methane production or operating parameters) for future real-time onboard applications. Nevertheless, no analyses have been performed to determine or quantify the coke effect on other physical and chemical parameters (conductive heat flux, flow regime, convective heat coefficient). Since these data are difficult to estimate experimentally, the numerical RESPIRE code is used to compute these parameters directly.
4
Mohamadalizadeh et al. 1 [25] take coke formation into account through a kinetic mechanism and they observe the time and spatial distributions of the carbon layer thickness. They identify the catalytic part of this coke formation. The surface effect of the reactor is found to be largely smaller than the temperature effect but the authors consider that it has been underestimated. The catalytic effect has been also investigated in industrial plant conditions by Kern and Jess 1 [26] under different operating conditions (length of the process, operating time, temperature setup). The microstructure of the solid material plays a major role. Garcia-Dopico et al. 1 [11] investigate the contact time between the hydrocarbon fuel and the catalyst surface. The deactivation effect is clearly visible since the catalyst activity falls by more than a factor 2 depending on the operating conditions. A finer approach is proposed by Beyne and Froment 1 [27] who quantify coke formation in catalyst and its impact on the resulting chemical composition. catalytic studies with fuel degradation is that the differences resulting from two materials are generally linked to the chemical nature of the solid surface only. The physical properties (heat capacity, density, thermal conductivity) are not explicitly considered whereas they can be of strong effect. Indeed, in energy equations applicable to solids, thermal conductivity appears in the numerator and heat capacity and density in the denominator when written on the right hand side. Thus, these properties directly impact the transient heat transfer in solids but also the heat flux to be exchanged under steady-state regimes with the fluid because of the conservation of incoming heat fluxes in heated systems.
For this reason, a step by step methodology with a splitting strategy for physical phenomena is applied in this paper to differentiate the parameters. The aim of the present work is to contribute to the analysis of such complex multi-physics coupled systems and to ensure the proper simulation of the experimental process using the RESPIRE code. In addition, improving the fundamental knowledge of coke formation and its effect should help to manage it in industrial and lab contexts. Two similar experimental test cases are considered as a reference for this study: one with a stainless steel (SS) tubular reactor and one with a Titanium (Ti) reactor. They are repeated with RESPIRE to analyze the origin of the differences.
II. Material and methods
RESPIRE is presented briefly in section II-A. Further information can be found in the work of ( ) ( )
where f ρ is the fluid density, t the time, x the abscissa, sf In case of coking activity, a solid deposit appears along the reactor. This is taken into account through the reduction of the hydraulic diameter (D H in Eq. 3 for example) and as an additional sink term in Navier-Stokes equations and in Eq. 3 1 [22] . The thermal conductivity of the reactor wall is thus modified accordingly using a series law considering both that of pure deposited carbon and that of the original reactor material with their respective thicknesses. On the basis of previous experimental work on carbon deposition, the coking rate is tabulated as a function of residence time ( 
B. Experimental test bench
The COMPARER test facility 1 [9] is a high pressure and high temperature experimental bench ( A FTIR spectrometer NICOLET 6700 is available with a quantification method of the pyrolysis products under stationary and transient conditions to enable "real-time" and in-line measures 1 [33] ,1 [34] .
The pyrolysis tests are conducted with successive stationary isothermal plateaus from 823 K to 1073 K at 0.05 g.s -1 . The outlet pressure is regulated at 6 MPa and the inlet pressure is measured. After expansion and cooling of the fluid to atmospheric conditions, the liquid and gas phases are sampled and analysed by Gas Chromatograph and Mass spectrometer (GC/MS).
III. Results and Discussion
The numerical results of the two reference cases are first compared with the experiments (section III-A). The initial conditions of the computations are the ambient conditions and the boundary conditions are the inlet pressure, the mass flow rate and the longitudinal temperature profile of the heating system; all of them experimentally measured. The effect of physical properties depending on the reactor's nature is investigated (section III-B). Coke formation is considered from a thermal point of view -first, alone -to estimate its insulation effect due to thermal resistance (section III-C). The hydraulic effect is then quantified through the decrease of flow cross-section (section III-D). In the following, the titanium case is considered to be the reference since no tests using quartz tubes were possible at the considered operating pressure (6 MPa). The Ti Grade 2 quality (purity over 99.4 % and O atoms content of less than 0.2 %) is assumed to present a reduced catalytic effect compared to the Nickel content, for example, of the SS reactor. 
A. Comparison of experimental and numerical results
The pressure and temperature time line is presented in Figure 2a and that of mass flow rate is given with the remaining dodecane mass fraction measured at the process outlet by GC/MS (Figure 2b ). Three thermal plateaus are performed for the Ti case and four for the SS one. A clogging of the process due to strong coke formation is found at the end of the experiment duration with a pyrolysis rate of close to 100 %. The coking activity is clearly seen through instabilities on the mass flow rate over 5000 s (Figure 2b ).
The low oscillations before 5000 s are due to the "natural" oscillations of the pump. The gas and liquid samples have been analyzed by GC/MS and compared to the Ti and SS cases for successive thermal plateaus ( Table 1) . The values given in this Table 1 are those found experimentally (in wt.%) for the 29 measured compounds. The gasification rate determined for each plateau, made by comparing the quantity of liquid pyrolysis products at the outlet divided by initial fuel quantity used at the inlet, is given in wt.%.
The pyrolysis rate (in wt.%) is defined as the unity minus the dodecane mass fraction measured at the process outlet.
For the same maximum furnace temperature setup (in Kelvin, Table 1 ), the Ti case presents gasification and pyrolysis rates higher than those of the SS case. The reason for such discrepancies is not clear to the authors and this justifies the present work in order to choose among the several possible assumptions that can made to explain these results. The reason could be the reactor material and the difference of physical properties. The catalytic effect could also be responsible for this chemical activity.
The coke layer is another possibility. Indeed, SS is known to increase the coking activity due to Ni and Cr content. The carbon sticks to the reactor and forms agglomerates whereas for the Ti reactor, the carbon is evacuated to the process outlet in the form of dry and fine powder 1 [9] . The coke may form an insulation layer between the SS reactor and the fluid and it can reduce the flow section. Numerical simulations have been conducted in the present study to investigate these possibilities. It can be noted that these computations use the minimum space step to ensure the consistency of the numerical results. Previous work related to mesh sensitivity analysis can be found in Ref. In relation to the results given in Figure 2 , the fuel mass fraction and the associated pyrolysis products quantification at the reactor's exit are given by RESPIRE as a function of time for each of the SS and Ti cases ( Figure 3a and 3b respectively) . The oscillations are due to the experimental mass flow rate which is used directly with temperature and pressure measures as boundary conditions. The large production of light species is an indicator of the strong pyrolysis rate and, thus, indirectly of the carbon formation. By comparing both the SS and Ti numerical cases, similar profiles are found (Figure 4) . The pyrolysis rate (in wt.%) is computed for each thermal plateau at the reactor outlet by the unity minus the remaining dodecane mass fraction. The numerical results are closer to those of the experimental Ti case rather than the SS one. Experimentally, the SS case shows a thermal shift of about 50 K to the right (higher temperature). This means that the pyrolysis activity for the SS reactor is weaker than that of Ti whereas numerically it is the opposite. This confirms that the experimental SS case presents some differences which need to be understood.
In addition, the numerical pyrolysis profiles (i.e. the dodecane mass fraction at each location along the longitudinal coordinate) are given for every isothermal plateau in Figure 5 . The maximum rate of conversion shifts from the middle of the SS reactor to the first third when the temperature increases To conclude on this first comparison, it is difficult to explain the differences observed between the Ti and SS cases. Moreover, the numerical results show a higher pyrolysis for SS than for Ti, whereas the opposite is found experimentally. Consequently, it can be assumed that there is a missing parameter in the numerical work to account for the differences observed experimentally between the two reactor types.
B. Effect of the reactor material type
In order to investigate the intrinsic effect of the physical properties of the reactor material, the properties of the stainless steel (Table 2 ) have been replaced numerically in the code by those of titanium (Table 2) . No other modifications on catalytic effect for example have been made so as to allow the impact of the physical properties, such as the thermal diffusivity, to be strictly observed. The computational results related to the time 6000 s -7700 s are presented for the initial SS case and the new modified one (Figure 7 ). The Reynolds number is the maximum one computed along the reactor as a function of time and the mass fractions of pyrolysis products (methane and ethylene) are found at the reactor outlet. The oscillations are physically due to the non stabilized mass flow rate whose experimental values are used directly as boundary conditions in the RESPIRE code. The reactor material type is of minor importance on heat and mass transfer, such as demonstrated by the Reynolds number (Figure 7a ), and this is confirmed by looking at the chemistry (Figure 7b) . Indeed, despite the oscillations, the Reynolds and chemical profiles for both cases are almost overlapping. Consequently, the discrepancies observed experimentally between the SS and Ti cases are due to a phenomenon other than that of the physical properties of the reactors. Because of strong differences previously observed on coke formation
, we have chosen to study this carbon deposit and its related effect on the system. 
C. Effect of coke formation on heat transfer
The coke formation is computed as presented in section II.A. The thermal effect of the carbon layer is thus negligible. Consequently, if the coke formation is responsible for the differences observed experimentally between the SS and Ti cases, this is not due to its thermal effect. The hydraulic effect by cross-section reduction will be investigated (next section). (Figure 9b ). For the latest case, the computed cross-section, which is reduced due to coke formation, is also given as a function of time (Figure 9b ). Strong discrepancies now appear between the original SS case and this new simulation case with full consideration of the coke formation (Figure 9 ). Before the apparition of carbon deposits for a furnace temperature set point of 973 K, the same Reynolds number profile is found in the reactor (Figure 9a) . When increasing the temperature to 1023 K, the Reynolds number is higher for the full coking case at the beginning of the reactor (a factor two is found at around 0.2 m) but it is much lower at the outlet than the initial case (one order of magnitude). This is attributed to the rapid reduction of the flow cross-section which is divided by a factor of 4 in 200 s (Figure 9b ). This shows the rapidity of the coking phenomenon which has largely been observed experimentally 1 [9] . As a consequence, the total residence time in the process is dramatically decreased (up to a factor 5) when considering the section reduction because of the fluid velocity increase (Figure 9b ). It is interesting to note that the local Reynolds number increase at around 0.3 m and the local decrease around the exit of the reactor both lead to a general decrease of the residence time. This is because of the residence time distribution in the reactor. The fluid spends about 80 % of the total residence time in the first half of the reactor and only 10 % in the last third. As a consequence, the Reynolds variation in the first half of the process has a major impact on the residence time compared to other variations near the outlet.
Through the decrease of the residence time, the pyrolysis process is now slower for this full simulation case compared to the original SS case. The experimental trend found on the SS case in comparison with the Ti case in Figure 4 is now explained. It is confirmed by the absorbed mass energy which is lower for the full case in case of coke formation (Figure 10 ). Up to a factor 3 on the absorbed energy is found and this clearly drives the fluid pyrolysis. The implication of the coking activity through the modification of fluid flow is a major result because it helps to understand the pyrolysis phenomena involving chemistry and heat and mass transfers.
In addition, the chemical composition at the reactor outlet has been compared to these two cases with and without coke formation. For the thermal plateau corresponding to a furnace temperature of around 1073 K for example, the results at the reactor exit show that the ratio of H atoms over C atoms is slightly 18 higher in case of coking formation (1.732 with, compared to 1.726 without coke). This is qualitatively in agreement with the solid carbon deposit formation since the fluid which reaches the reactor exit should be more hydrogenated in case of coke formation. It is also interesting to note that the initial H/C ratio of dodecane is 2.17 and that the mean one of all the considered species in the detailed pyrolysis mechanism is 1.89 (it is 2 for the alkenes). The decrease of the molecular weight due to pyrolysis (divided by about a factor of 3) at the process outlet also corresponds to a decrease of the H/C ratio, which is due to the increase of the concentration of aromatic compounds,such as benzene (H/C ratio equal to 1). 
IV. Conclusion
Fuel pyrolysis is encountered in a wide variety of applications such as active and regenerative cooling, steam cracking and petrochemical plants. The formation of coke is one of the major chemical phenomena.
It is coupled with heat and mass transfer and catalytic effect of the reactors. Dodecane pyrolysis has been 19 achieved experimentally at 6 MPa and 50 mg.s -1 within two kinds of reactors: stainless steel and titanium.
The conversion rate is higher with titanium. To decouple the thermal effect (due to the modification of physical properties between both materials) and the catalytic effect (heterogeneous reactions), a numerical study has been conducted since this parameter-splitting strategy is not possible experimentally. Numerical simulations showed a higher pyrolysis rate for the SS tube than for the Ti ones, as opposed to the experiment. The effect of the reactor's physical properties is negligible. The coking activity has been modeled to observe the growth of the carbon layer. Its insulation effect in case of perfect contact with the reactor is of minor impact. The reduction of flow cross-section is demonstrated to be an important parameter. The related maximum Reynolds number rises by a factor of 4 and the absorbed energy by a factor of 3 due to fluid velocity increase (residence time decreased by a factor of 4). As a consequence, the pyrolysis of the fluid is lower considering the entire coupling of multiphysics phenomena with coke formation than omitting the carbon layer effect. The sequence of events is demonstrated to be the following: the catalytic effect of the SS reactor and its surface effect make the carbon deposit to stick to the wall, this reduces the cross-section, it accelerates the fluid and decreases the residence time, and thus the convective heat transfers and the related fuel pyrolysis. A finer analysis of the catalytic effect with heterogeneous reactions will now be considered to estimate how this impacts the coke adhesion.
